Summary
Introduction
In cooperatively breeding species some individuals forgo personal reproduction and instead help to rear offspring which are not their own (Stacey & Koenig 1990; Solomon & French 1997) . In most avian cooperative breeders helpers are normally offspring which have remained on their natal breeding territory, so helping is seen as the outcome of a two-step process: the decision to delay dispersal and the decision to help feed young in subsequent broods (Emlen 1982) . The reasons for delayed dispersal usually focus on ecological or demographic constraints and have been widely discussed elsewhere (Emlen 1982; Brown 1987; Stacey & Ligon 1987 Arnold & Owens 1998; Hatchwell & Komdeur 2000) . The reason why helpers care for nondescendant offspring rather than breed independently, or simply do nothing, has also been discussed extensively but remains a contentious issue in evolutionary biology (Cockburn 1998) .
In avian cooperative breeding systems, the assistance provided by helpers is usually in the form of provisioning offspring and such behaviour should only be carried out when the fitness gains outweigh the costs of providing care (Clutton-Brock 1991) . In many species, helpers assist close relatives and gain indirect (i.e. kinselected) fitness benefits by increasing the productivity of those relatives (e.g. Emlen & Wrege 1991) . Moreover, experimental studies have shown a decrease in reproductive success after helpers were removed (Brown et al . 1982; Mumme 1992; Komdeur 1994 Komdeur , 1996 ; but see Leonard, Horn & Eden 1989) . Helpers may also gain deferred kin-selected benefits by reducing the costs of reproduction for breeders (Crick 1992) , thereby allowing relatives more breeding attempts during the course of a breeding season (Brown & Brown 1981; Russell & Rowley 1988) or increasing their survival to the following season (Koenig & Mumme 1987; Curry 1988) . As a result of such strong evidence, kin selection has been widely accepted as the ultimate explanation for cooperative behaviour (Emlen 1991 (Emlen , 1997 . However, helpers are not always related to the helped brood (Dunn, Cockburn & Mulder 1995) and they do not always increase productivity (Legge 2000) . Therefore, it has recently been argued that the kin-selected benefits of helping behaviour have been over-emphasized as a selective force and that the direct component of inclusive fitness may have a more influential role in the evolution of cooperative behaviour than previously assumed (Cockburn 1998; CluttonBrock 2002) .
Helpers may accrue the direct fitness benefit of direct access to parentage both within and outside the group (Mulder et al . 1994; Richardson, Burke & Komdeur 2002) and /or increased access to mates or territories in the future (Woolfenden & Fitzpatrick 1984; Reyer 1990 ). An additional direct benefit is the experience of parental care so that helpers become better parents (Heinsohn 1991; Komdeur 1996 ; but see Emlen & Wrege 1989; Khan & Walters 1997) . Helping behaviour has also been viewed as 'payment of rent' for access to the benefits of group living (Gaston 1978; Cockburn 1998) . For example, the energetic benefits from group huddling have been reported as essential for the survival of acorn woodpeckers Melanerpes formicivorus Swainson (Duplessis, Weathers & Koenig 1994 ) and green woodhoopoes Phoeniculus purpureus Miller (Duplessis & Williams 1994) .
In this paper, we investigate survival rates of juveniles and adults in the unusual cooperative breeding system of the long-tailed tit Aegithalos caudatus , Linnaeus. In this species, some breeders that fail in their own breeding attempt become helpers at the nest of another pair, to whom they are usually closely related (Russell & Hatchwell 2001 ). It has previously been shown that helpers have no effect on fledging success, a short-term measure of productivity, but that they do have a positive effect on recruitment of juveniles as breeders in the following season (Hatchwell et al . in press) . Here, we use more robust capturemark-recapture analyses of observational data to examine: (i) the effect of helpers on the survival of the assisted young through their first year and in subsequent years; (ii) the effect of helpers on the survival of assisted breeders; and (iii) whether failed breeders that become helpers have higher survival than failed breeders that do not help. We also examine whether helping is related to the probability of successful reproduction in the future.
Materials and methods

 
During the non-breeding season (July-February), long-tailed tits form flocks comprising relatives and non-relatives (Russell 1999; Hatchwell et al . 2001a) , which roost communally (Riehm 1970; Gaston 1973) . At the start of the breeding season, flocks break up and all birds attempt to breed independently in monogamous pairs. However nest failure is high due to predation and if failure occurs after early May then instead of re-nesting failed breeders may become helpers at a nest belonging to another pair (Glen & Perrins 1988; MacColl & Hatchwell 2002 ). In our study population approximately 50% of broods have one or more helpers. These failed breeders that redirect their care usually choose to help at the nest of a close relative (Russell & Hatchwell 2001) . All helpers are probably failed breeders, but not all failed breeders become helpers; these alternatives of either helping or not helping occur within the same population and even within the same non-breeding flocks (Russell & Hatchwell 2001) . Helpers increase nestling mass (Hatchwell et al . in press) and they allow assisted breeders to reduce their provisioning rate (Hatchwell & Russell 1996) .
    
A colour-ringed population of 18-53 pairs of longtailed tits was studied from 1994 to 2000 in the Rivelin Valley (53 ° 23 ′ N 1 ° 34 ′ W), Sheffield, UK. The study site is approximately 3 km 2 and is comprised of areas of mature oak Quercus robor L. and beech Fagus sylvatica L. woodland, birch Betula and hawthorn Crataegus scrub, farmland and gardens. Each year, fledglings (56 in 1994 Each year, fledglings (56 in , 82 in 1995 Each year, fledglings (56 in , 79 in 1996 Each year, fledglings (56 in , 56 in 1997 Each year, fledglings (56 in , 105 in 1998 Each year, fledglings (56 in , and 150 in 1999 and most immigrant breeders (39 in 1994, 19 in 1995, 26 in 1996, 27 in 1997, 20 in 1998 and 24 in 1999, total = 155) were ringed with a numbered metal ring and a unique combination of colour rings. Survival of ringed birds was determined by observation during thorough searches of the study site in subsequent years. Blood samples were taken from most individuals (under Home Office licence) and birds were sexed using molecular techniques (Griffiths et al . 1998) . The breeding attempts of all individuals were closely monitored during the breeding season (February-June) in each year. Breeding success was classified as either successful (offspring fledged), or failed (no offspring fledged). In order to determine the identity of carers, the great majority of nests were observed for one hour on alternate days from day 2 of the nestling period until day 16 of the nestling period. Helpers were any individuals, other than the breeding pair, that were observed provisioning nestlings. In this study, birds were considered to be juvenile from the point of fledging until the start of breeding the following year and thereafter birds were considered to be adults.
 
Survival parameters were estimated via maximum likelihood methods using the program MARK (White & Burnham 1999 ). This program is based on general capture-mark-recapture (CMR) theories (Cormack 1964; Jolly 1965; Seber 1965 ; see Lebreton et al . 1992 for summary). According to theories of CMR analysis the probability of encountering a previously marked and released individual is a product of the probability of remaining individuals available for recapture ( Φ ; survival probability) and the probability of recapture ( p ; re-sighting probability). Therefore, birds that emigrate from the study area are treated as having died and so the term 'survival probability' should be read to mean the probability of being alive and available for recapture. Birds were considered to have survived if they were observed during the course of the breeding season in year n + 1, having been ringed in year n or earlier. The 3-step approach to CMR analysis (see Burnham et al . 1987 and Lebreton et al . 1992 for detailed descriptions) was employed, which results in the final model selection being based on corrected Akaike Information Criterion (AICc). This considers both the deviance and number of estimated parameters. Ultimately, the model with the lowest AICc value is deemed to be the best fitting model.
Our primary aim was to determine the effect of helping behaviour on the survival of juvenile and adult longtailed tits. Therefore, we investigated: (i) the effects of sex, year and presence of helpers on the survival of juvenile long-tailed tits and their subsequent survival as adults, and (ii) the effects of sex and breeding/ helping status on the survival of adult long-tailed tits. The procedure for each analysis was as follows.
(i) Modelling juvenile survival with the effects of sex, year and presence of helpers
The survival probabilities of all birds ringed as nestlings were modelled for two age classes: (1) juveniles and (2) adults. Data were split by sex ( s ; male or female) and also by the presence of helpers ( b ; helped or not helped). The sex of 46 fledglings was not known and these were removed from the data set, leaving 482 individuals from 67 broods. The global model
} allowed survival probability to vary with year ( t ) within each of the two age categories and within each combination of sex and presence of helpers. The re-sighting probability was allowed to vary with year within each combination of sex and presence of helpers. There was no age split in the re-sighting probability as all re-sightings were of adult birds. All possible candidate models that could be constructed from the global model were considered but only the 15 best fitting models are represented in the results.
This type of CMR analysis makes two basic assumptions: first, every marked animal present in the population at time i has the same probability of recapture p i ; second, every marked animal in the population immediately after time i has the same probability of surviving to time ( i + 1). In order to test these assumptions we performed a goodness-of-fit (GOF) test on our global model using the parametric bootstrapping procedure contained within the program MARK (White & Burnham 1999) . Our data did not violate the basic assumptions of the CMR modelling approach (GOF test: P = 0·30).
(ii) Modelling adult survival with the effects of sex and breeding status
This analysis was restricted to adult birds with known breeding status and sex, whether they had been first ringed as immigrant adults or as chicks (136 males and 114 females). Individuals that were ringed as chicks were treated as having been encountered for the first time when they were first seen as adults. Birds were classified as falling into one of four breeding status categories: successful breeder with no helpers ( N ), successful breeder with helpers ( A ), failed breeder that helped ( H ) and failed breeder that did not help ( F ). A multi-strata modelling approach was adopted with these data. In this type of analysis the probability of encountering a marked individual is the product of three probabilities; the probability of remaining available for recapture ( Φ ; survival probability), the probability of recapture ( p ; recapture probability), and the added probability of changing status ( ψ ; change in breeding status). We considered breeding status in four different ways:
)} allowed survival, re-sighting and change of status probability to vary with sex and breeding status. All possible candidate models that could be constructed from the global model were considered but only the top 15 best fitting models are represented in the results. At present there are no GOF tests available for multi-strata models (G.C. White pers. comm.).
Results
(i) Modelling juvenile survival with the effects of sex, year and presence of helpers
In the final accepted model the survival of juveniles varied with year , with additive effects of sex and brood status and this model was almost twice as good as the next best fitting model in terms of AICc weighting (Model 1 in Table 1 ). The final accepted model allowed parameter estimates for re-sighting and survival to be calculated. The probability of re-sighting an individual in the first re-sighting year (1995) was 80% and this rose to approximately 100% by 1997 and was maintained at this level for all subsequent years. This indicates that the probability of seeing a bird that was alive and present in the study area was very high.
Juvenile survival was extremely variable across years. Juvenile males had a higher survival probability than juvenile females, whilst juveniles that were raised by parents and helpers survived better than those that were raised by parents alone (Fig. 1 ). There were particularly low survival probabilities in 1996-97. In contrast to the results for survival through the first year, there were no effects of sex or helper presence on the subsequent survival of these juveniles once they became adults (Fig. 1) . Furthermore, subsequent adult survival probability was constant across all years (Fig. 1) .
(ii) Modelling adult survival with the effects of sex and breeding status
In the final accepted model the survival of adult longtailed tits varied with breeding status but not with sex (Model 1 in Table 2 ); this was 1·6 times better than the next most parsimonious model, in terms of AICc weighting. Failed breeders which became helpers had the same survival probability as successful breeders (56%), whilst those birds which failed to breed successfully and did not become helpers had a 46% chance of survival (Fig. 2) . However, there was no difference in Table 1 . Modelling the survival probability of juvenile long-tailed tits and their subsequent survival as adults in relation to sex, year and presence of helpers. Φ = survival probability, p = re-sighting probability, (s) = sex, (t) = time, (b) = presence of helpers, (.) = constant, and × = interaction
Model AICc
Delta AICc
AICc weight
Number of parameters Deviance
708·40 31·08 0·00 37 73·38 Fig. 1 . The effects of sex, year and presence of helpers on the survival probability of juvenile long-tailed tits and their subsequent survival as adults (see Table 1 the survival of successful breeders according to whether they had helpers or not (Fig. 2) . The estimates generated by the final accepted model also enabled us to examine whether the probability of an individual breeding successfully in a subsequent year (year n + 1) depended upon their breeding status in year n. Failed breeders that became helpers had a 27% chance of breeding successfully in the following year, while those failed breeders which did not become helpers had a 38% chance of doing so (Fig. 3) . Successful breeders had a 60% chance of breeding successfully again in the following year irrespective of whether they were helped or not (Fig. 3) . These estimates of the probability of successful reproduction are independent of the probability of survival.
Discussion
In the cooperative breeding system of long-tailed tits, capture-mark-recapture analysis showed that juvenile males had higher survival than juvenile females and that helpers appeared to have a positive effect on juvenile survival. Neither of these effects persisted beyond the first year after fledging. Among adults, the survival probability of successful breeders with helpers did not differ from that of successful breeders without helpers, Table 2 . Modelling the survival probability and change in breeding status probability of adult long-tailed tits in relation to sex and breeding status. Φ = survival probability, p = re-sighting probability, ψ = change in breeding status probability, (s) = sex, (g) = full breeding status effect: successful breeder not helped (N ), successful breeder helped (A), Helper (H ), Failed breeder (F ), (w) = worker effect: N = A = H, F, (o) = breeder effect: F = H, N = A (.) = no breeding status effect: N = A = H = F, and × = interaction
Model AICc
AICc weight
Number of parameters Deviance Fig. 2 . The effect of breeding and helping status on the survival probability (± SE) of adult long-tailed tits (see Table 2 for statistics). All values shown are best fitting model parameter values.
but failed breeders that helped were more likely to survive than failed breeders that did not help. However, failed breeders that did not help were more likely to breed successfully in the subsequent year than failed breeders that did help. Our analyses were conducted on observational data, so we are unable to demonstrate conclusively the causation of the effects described above. However, various factors suggest that these results are not seriously confounded by the effects of individual or habitat quality. Firstly, long-tailed tits are not territorial and their ranges are large relative to habitat type within our study site (Hatchwell et al. , 2001a . In addition, nest location did not significantly affect provisioning rates or reproductive success (Hatchwell et al. in press) . Secondly, no individuals or pairs were over-represented in our sample because of the high annual mortality of adults (44%) coupled with the high divorce rate of successful pairs between breeding seasons . Finally, the identities of potential helpers and the recipients of help depend on which nests are located and destroyed by predators. There is inevitably a large stochastic element to such events and breeder identity was not retained as a factor in multivariate analyses of productivity (Hatchwell et al. in press ).
Age was not included in analyses because our data were too sparse when broken down into age categories. Nonetheless, we do not believe that age influenced our results because long-tailed tits are relatively short-lived birds, the average age of our population being around 2 years old. Furthermore, age and breeding status are not correlated because helping behaviour is predominantly expressed within rather than across generations (Russell & Hatchwell 2001) , and there was no significant effect of breeder age on productivity (Hatchwell et al. in press ).
The sex difference in juvenile survival was consistent across years, but should be interpreted with caution because the analytical technique considers individuals that have permanently emigrated as having died. In reality we would expect the survival of males and females to be roughly equal because the adult sex ratio is 1 : 1 (Russell 1999) . This is certainly the case for adults because there was no effect of sex on survival of birds from their first year onwards. The observed sex difference in survival must result from first year female long-tailed tits dispersing prior to breeding whilst males are philopatric (Gaston 1973; Glen & Perrins 1988; Hatchwell et al. 2002) . This difference in dispersal also explains why the majority of helpers are male (Russell & Hatchwell 2001) , assuming that kin selection is important in the evolution of the long-tailed tit's cooperative system. It is interesting to note that in an isolated population where female and male juvenile survival was equal, helpers were as likely to be female as they were male (Russell 2001) .
When taking sex into account, juveniles from helped broods had higher survival than juveniles fed by parents alone. This result is consistent with previous studies of long-tailed tits (Glen & Perrins 1988; Hatchwell et al. in press ), but in this paper we have used a more robust technique for the estimation of survival. Furthermore, we show that this increase in survival is effective only through the first winter because in the best fitting model the survival probabilities of all individuals are constant after they have surpassed 1 year of age (Fig. 1) . Just as the apparent sex difference in juvenile survival can be attributed to differential dispersal, it is possible that the difference in survival rate between helped and non-helped juveniles is also a consequence of differential dispersal. For example, juvenile Seychelles warblers Acrocephalus sechellensis Oustalet on high quality territories with helpers are less likely to disperse than those birds on low quality territories without helpers (Komdeur 1992) , although this is thought to be predominantly a territory effect. We have no evidence to support or reject this possibility, but the labile non-breeding social organization of longtailed tits with large overlapping ranges and extensive dispersal between flocks (Hatchwell et al. 2001a) , means that it is difficult to envisage a mechanism that might cause such differential dispersal. Therefore, we conclude that because helpers usually help at the nest of a close relative (Russell & Hatchwell 2001) , they gain kin-selected benefits through the increased production of non-descendant kin.
The survival probabilities generated by the most parsimonious model in our analysis of adult survival indicated that there was no significant association between the helpers and the survival of the assisted breeders. This result was unexpected because observations and experiments show that long-tailed tit breeders reduce their provisioning effort when helped (Hatchwell & Russell 1996; Hatchwell 1999) , and reduced reproductive costs would be expected to result in increased survival (Crick 1992) . Among cooperative breeders, parental investment strategies vary in relation to workforce. At one extreme parents may allow the care of helpers to be purely additive (i.e. maintaining a high rate of personal care), the additional care by helpers benefiting their offspring. On the other hand, they may reduce their own effort as the care by helpers increases so that the brood receives the same amount of food, while parents reduce their reproductive costs (Hatchwell 1999) . In long-tailed tits, the care of helpers increases the total provisioning rate as well as allowing parents to provision less frequently (Hatchwell & Russell 1996; Hatchwell 1999; MacColl & Hatchwell in press) . Given the apparent effect of increased food provision on juvenile survival, it is counter-intuitive that helped parents should reduce their own effort, without any apparent fitness consequence. It could be that any survival benefit from a reduced provisioning effort is so small that we were unable to detect it; a similar argument was proposed for stripe-backed wrens Campylorhynchus nuchalis Cabanis (Rabenold 1990) and white-browed scrub wrens Sericornis frontalis Vigors & Horsfield (Magrath & Yezerinac 1997) . Alternatively, breeders that are helped may be of poorer quality and the effect of helpers simply brings their survival up to that of unhelped birds. However, this seems unlikely because failed breeders choose to redirect their care towards close relatives (Russell & Hatchwell 2001) and there is no obvious reason why these should be poorer quality individuals. Furthermore, in this species the identity of potential helpers and potential recipients of help is determined primarily by predators and thus it is unlikely that all helped breeders would be of poor quality.
Our analysis of adult survival rates showed that failed breeders that became helpers were more likely to survive than failed breeders that did not help, indicating that helpers gain the direct fitness benefit of increased personal survival. We can be confident that this difference in survival is not an artefact of further dispersal by adult birds, as re-sighting probabilities are virtually 100%. The underlying mechanism for this difference in survival is currently under investigation. Survival differences may arise if helpers join relatively large non-breeding flocks over the winter, with helping being viewed as a 'payment of rent' for the benefits of groupliving (Gaston 1978; Mulder & Langmore 1993; Kokko, Johnstone & Wright 2002) . One benefit that may increase survival is decreased energy expenditure due to communal roosting, as suggested by Glen & Perrins (1988) . This has been shown to be important for acorn woodpeckers ) and green woodhoopoes (Duplessis & Williams 1994) . For this to be the case, failed breeders that help must gain access to better roosting positions than failed breeders that do not help. Preliminary data suggests that certain individuals within long-tailed flocks do have access to preferred, central roosting position (A. McGowan unpublished data), but it is not known whether this is influenced by helping decisions.
If helpers have higher survival than non-helpers, then why doesn't every individual help when the opportunity arises? There are several possible explanations. First, our results suggest that there may be a cost of helping because helpers were less likely to breed successfully in a subsequent year (27%) than non-helpers (38%). The process through which this cost manifests itself is unknown. Long-tailed tit helpers may be in relatively poorer body condition at the end of the breeding season, as in pied kingfishers Ceryle rudis L. (Reyer 1984) and white-winged choughs Corcorax melanorhamphos Vieillot (Heinsohn 1991; Heinsohn & Cockburn 1994 ). However, if helpers were in poorer body condition at the end of the breeding season why should they subsequently have higher survival? A second possibility is that only high quality individuals help so that differences in survival are attributable to individual quality rather than helping per se. But, as explained above, we do not think that body condition or individual quality are the main determinants of whether a failed breeder becomes a helper, indeed current evidence suggests that the main determinant is the availability of close kin with an active nest (Russell & Hatchwell 2001 ).
Finally, it is possible that all failed breeders would help if they could, but that breeders also play some role in deciding whether a failed breeder becomes a helper at their nest. In a few cases, breeders have been observed preventing other long-tailed tits from feeding their offspring (B.J. Hatchwell unpublished data) and breeders react aggressively to the calls of non-kin close to their nest during the nestling period (Hatchwell et al. 2001b) . Therefore, breeders may exercise some control over which individuals become helpers. This argument presupposes a cost to breeders of having unrelated helpers that outweighs the benefit of increased productivity; at present there is no evidence for such a cost.
In conclusion, long-tailed tit helpers appear to gain kin-selected benefits by increasing the survival of related offspring whilst simultaneously gaining the direct benefits of increased survival (56%) relative to non-helpers (46%). However, a helper's prospect of successful reproduction in the future (26%) is lower than that of a non-helper (38%). The net effect of these probabilities is that failed breeders that become helpers have a 15% chance (56% × 27%) of surviving and successfully rearing chicks the following year, whilst failed breeders which do not help have a 17% chance (46% × 38%) of doing so. Therefore, the direct fitness pay-offs from adopting either strategy are fairly equal in terms of successful future personal reproduction, so it appears that the primary reason why some longtailed tits adopt a helping strategy is the indirect kinselected benefit derived from increasing the production of relatives.
